Abstract-The goal of this research is to determine whether Raman spectroscopy (RS), an optical method that probes the vibrational modes of tissue components, can be used in vivo to study changes in the mouse cervix during pregnancy. If successful, such a tool could be used to detect cervical changes due to pregnancy, both normal and abnormal, in animal models and humans. For this study, Raman spectra were acquired before, during and after a 19-day mouse gestational period. In some cases, after Raman data was obtained, cervices were excised for structural testing and histological staining for collagen and smooth muscle. Various peaks of the Raman spectra, such as the areas corresponding to fatty acid content and collagen organization, changed as the cervix became softer in preparation for labor and delivery. These findings correspond to the increase in compliance of the tissue and the collagen disorganization visualized with the histological staining. The results of this study suggest that non-invasive RS can be used to study cervical changes during pregnancy, labor and delivery and can possibly predict preterm delivery before overt clinical manifestations, potentially lead to more effective preventive and therapeutic interventions.
INTRODUCTION
The physiologic changes during pregnancy that result in labor and delivery are part of complicated processes that are not fully understood. Current studies correlate maternal steroid hormonal changes and paracrine molecules with gestation and parturition (pregnancy and labor). 6, 19, 29 These small molecules regulate many of the changes in the tissues of both the mother and baby by altering the biochemical composition of the cervix to prepare for labor and delivery and by promoting fetal development. However, although pregnancy has been studied for centuries, the interactions of these molecules and the exact mechanisms governing the regulation and progression of pregnancy remain unknown. Researching human parturition is hindered since direct testing on pregnant women is limited and the hormonal pathways regulating animal pregnancy and labor vary substantially from those of humans. Much research into the maternal reproductive tract is currently focused on identifying important markers that trigger specific changes during pregnancy. Yet, it may be equally important to study the downstream effects such molecules have on maternal tissues, which change throughout pregnancy in preparation for birth.
During pregnancy, there are many well-documented physical changes in maternal tissues. The cervix, for example, is initially rigid and stays tightly closed to protect the fetus within the uterus and withstand its increasing weight. Closer to delivery, the cervix undergoes ripening, leading to its effacement (thinning) and dilation. As the uterus contracts with increasing frequency and intensity, the fetus is expelled through the softened cervix. These contractions also speed up the dilation process, with each contraction dilating the cervix as much as 30%. 24 Many of these properties require changes to the components of the extracellular matrix (ECM) of the tissues, which consists of fibrillar collagen, proteoglycans, hyaluronan, elastin and water. 15, 24 These components undergo a complex biochemical reorganizing and remodeling process throughout pregnancy, including a realignment of the collagen structure. 34, 44 A number of small molecules have been implicated in regulating such processes. 6 Factors, such as estrogen and progesterone, 6, 19 platelet-activating factor, 38 prostaglandins 16, 18 and interleukin-8, 37 may all play a role in controlling the process that prepares the cervix for labor and delivery. Other research groups have focused on detecting changes in some of these individual factors.
9,14,32 However, few correlations have been found between specific molecules and biochemical changes in cervical tissues. Gestation and parturition are complex processes and it is likely that multiple interacting pathways control the progression of pregnancy, resulting in uterine contractions and cervical ripening. 6 As these pathways are discovered, health care providers may be able to more accurately determine pre-symptomatically when a woman is about to give birth and if necessary, intervene to delay preterm labor and premature birth.
Here we propose using an optical method to quantify changes downstream of small biomolecules in the cervix. Rather than removing tissue or measuring how a single molecule changes in blood or bodily secretions, optical methods can provide non-invasive, real-time, automated measurements from bulk tissues as a whole. These measurements can contain a wide range of information, including collagen content and organization, changes due to hormonal fluctuations, and a measure of cervical length. For example, Garfield et al.
12 developed electromyography to measure changing action potentials of the uterus throughout pregnancy. Kuon et al. 23 used a collascope to measure the autofluorescence of the cervix and correlated the results with the cervical surface area, finding that during pregnancy, surface area increases as autofluorescence increases. Jokhi et al. 17 utilized electrical impedance spectroscopy to measure cervical resistivity to determine the onset of labor, with predictive values of 0.65-0.8. Second-harmonic generation has also been used to measure changes in collagen structure during gestation. 2 Other groups have applied optical methods, such as Fourier-transform infrared (FTIR), 39 resonance, 40 and light-scattering 26 spectroscopy to measure salivary changes and the presence of nitric oxide or fetal nucleated red blood cells, respectively. To our knowledge, this is the first report using Raman spectroscopy (RS), a sensitive optical method, to study biochemical changes in tissue during pregnancy.
Raman spectroscopy is based on the Raman effect by which energy can be exchanged between incident photons and scattering molecules. When an incident photon collides with certain molecules, energy may be transferred either from the molecule to the photon or vice versa. The energy differences of the scattered photons are indicative of the molecules set into vibration. A Raman spectrum then consists of a series of peaks, which represent the different vibrational modes of the scattering molecules. These peaks are spectrally narrow and molecular-specific, such that the observed peaks may be associated with specific bonds in specific molecules. Many biological molecules have distinguishable spectra, so that one can determine a tissue's biochemical composition from its Raman spectrum. For example, one relevant biochemical change during pregnancy is the softening and ripening of the cervix due to changes in collagen. This change, among other changes in elastin, glycogen and water content, can be detected with RS. 20, 21, 41, 42 Other changes that RS is likely to be sensitive to are changes in collagen cross-linking, water content and hormonal variations, many of the important factors that fluctuate during pregnancy, labor and delivery, which have been observed in other studies. 1 We have previously demonstrated the potential of RS to detect subtle changes in tissue biochemistry from the cervix. 21, 41 This technology has been applied to detect cervical precancer lesions in vivo and can distinguish between normal, inflammation, low-grade dysplasia and high-grade dysplasia areas with classification accuracy rates of over 97%. Also, it has been demonstrated that RS is sensitive to subtle changes in hormonal levels, the permanent effects of pregnancy and delivery, as well as malignancy-associated changes. 42 The only report on using RS for obstetrics research is for studying preeclampsia, an abnormal gestation-related increase in maternal blood pressure. 4 However, previous work indicates that the technology and knowledge exists to develop RS as a tool for studying the cervix throughout pregnancy. 12, 21, 23, 41 In this pilot study, RS was used to monitor and understand cervical changes in normal mice during pregnancy.
The goal of this paper is to characterize changes in the cervix of normal mice throughout pregnancy using RS. To achieve this goal, two sets of studies were conducted. First, Raman spectra were acquired from the cervix of non-gravid (not pregnant) mice to develop a baseline of the normal cervix during murine estrus cycles. Once the effect of normal cycling was characterized, the primary study was conducted and spectra were acquired from normal mice at multiple time points before, during and after pregnancy. To verify the changes observed in the Raman spectra, after Raman data was acquired, the cervix was harvested to understand the structural properties of the tissue and to visualize cellular changes with histological staining. Logistic regression algorithms and statistical analyses were then used to determine if significant differences existed in the Raman measurements, force-displacement testing and histological staining as a function of pregnancy time point.
MATERIALS AND METHODS

Animals and Tissue Collection
Adult virgin female and male mice (strain: CD1(ICR)) were purchased from Charles River Laboratories, Raleigh, NC. They were maintained in a 12 h:12 h light/dark cycle in the Vanderbilt University Animal Facility with unlimited access to water and food. All animal maintenance, handling and procedures were performed in accordance with National Institutes of Health guidelines for the care and use of laboratory animals and were approved by the Vanderbilt University Institutional Animal Care and Use Committee (IACUC). Two sets of experiments were conducted: a study to observe changes in the cervix due to hormonal changes alone and a study to examine changes due to pregnancy. Non-pregnant (or nongravid (NG)) mice with normal cyclicity were evaluated first to examine the effect of hormonal changes during the estrous cycle on the cervix. Raman measurements were obtained from 3 sets of NG mice, with 3-4 mice in each set (n = 11). Measurements were taken from each set for 5 days straight over the course of 3 weeks to acquire data. The stages of the estrous cycle that were measured include proestrus, estrus, metestrus and diestrus. 8 Prior to the Raman measurements, vaginal washings were obtained by rinsing the vaginal canal with saline and the estrous stage was determined by identifying cell types and their relative abundance present in smears under a stereo-microscope.
Timed matings were carried out by housing one normal fertile male with three normal females to study the cervical changes related to pregnancy. On the following day, females were evaluated at 0900 for the presence of a copulatory plug with gestation day 1 defined by the presence of the plug. Data from any mouse that was not visually pregnant by day 12 was not used in any of the following results. Animals in this colony typically give birth on the evening of gestation day 19. A set of mice was followed before, during and after pregnancy (n = 47). Female mice were anaesthetized with isoflurane and Raman measurements were acquired prior to mating (NG), on days 1, 4, 12, 15, 18, and 19 of pregnancy, and on post-partum day 1 (PP1). At the same time points, Raman measurements were acquired and then the mouse was euthanized (overdose of isoflurane inhalation) to collect the cervix for force-displacement testing or histological staining. The cervix was dissected and trimmed to 5 mm in length to maintain consistency for the force-displacement testing. Cervices were dissected with the uterus and vaginal tissue still attached in order to control for orientation during sectioning and imaging.
Raman Instrumentation and Data Processing
Raman spectra were collected in vivo using a portable RS system consisting of a 785 nm diode laser (I0785MM0350MS, Innovative Photonic Solutions, Monmouth Junction, NJ), a beam-steered fiber optic probe without its casing (785 nm, Emvision, Loxahatchee, FL), an imaging spectrograph (Holospec f/1.8i, Kaiser Optical Systems, Ann Arbor, MI), and a back-illuminated, deep-depletion, thermo-electrically cooled charge-coupled device (CCD) camera (Pixis 256BR, Princeton Instruments, Princeton, NJ), all controlled with a laptop. The fiber optic probe (10 cm long and approximately 2.1 mm in diameter) delivered 80 mW of incident light to the tissue at an integration time of 2-3 s with all room lights and the computer monitor turned off. The system provided a spectral resolution of 8 wavenumbers (cm 21 ). Spectral calibration of the system was performed everyday using a neon-argon lamp and naphthalene and acetaminophen standards to correct for day-today variations. A National Institute of Standards and Technology (NIST)-calibrated tungsten lamp was used to account for the system's wavelength-dependent response. The spectra were processed for fluorescence subtraction and noise smoothing using the modified polynomial fit and Savitzky-Golay methods, described previously. 25 Following data processing, each spectrum was normalized to its mean spectral intensity across all Raman bands to account for intensity variability. The code developed to process the data minimized the error introduced by the fluorescence subtraction and the background removal. The same code with the same parameters was used for all the samples such that the same amount of minimal error was introduced to all the spectra. Finally, the spectra were normalized in order to perform relative comparisons across the data.
Tissue Structural Properties
Structural properties of excised cervical tissues were evaluated using modifications of the methods developed by Harkness and Harkness 13 to correlate structural tissue properties to biochemical Raman measurements. Briefly, the cervix was mounted onto two hooks inserted through the cervical canal. The hooks were made of stainless steel (22 Ga, 316L AISI grade), approximately 0.8 mm thick and 7 mm long. One hook was attached to a stationary hook and the other hook was attached to a force transducer and a micrometer. Tissues were incubated in a water-jacketed bath containing Krebs solution at 37°C bubbled with 95% O 2 /5% CO 2 . The force transducer was calibrated using standard weights to set the minimum (~21.03 V) to 0 g and the maximum (~9.04 V) to 50 g.
Baseline cervical dilation was determined by increasing the distance between the two hooks until a small increase (~0.1 g, remained constant) was detected with the force transducer. The cervix was incubated in Krebs solution and held at this displacement for 10 min before measurements were recorded. Then the inner diameter of the cervix was increased in 1-mm increments at 4-min intervals to produce cervical distention. The amount of force at each 1-mm displacement and every 4 min was recorded (displacement rate: 0.0042 mm/s). The diameter was increased until the tissue tore. Force was plotted as a function of cervical diameter. A moving average function was used to calculate the slope of the force-displacement curve; this slope was then used as cervical stiffness. A steeper slope indicates an increased resistance to stretch or a reduced compliance. Results are displayed as mean ± standard error (SE) from five independent samples in each group.
Statistical Analysis
Cycling status was determined by the cells observed in vaginal smears. Pregnancy dating was determined by the presence of a cervical plug. 8 These are two gold standards often used, however, there can be errors associated with such techniques based on the expertise of the user. Measurements were excluded from any mouse originally enrolled in the study that ended up not being pregnant.
For this study, a logistic regression method called Sparse Multinomial Logistic Regression (SMLR) was used to tease out subtle differences among spectra acquired from different samples. 22 In brief, SMLR is a Bayesian machine-learning framework that computes the posterior probability of a spectrum belonging to each tissue class based on a labeled training set. For these analyses, a composite spectrum averaging Raman measurements from each mouse at each time point was used. A range of input parameters to SMLR was tested. The settings that provided the most accurate classification while also maximizing sparsity were a Laplacian prior, a direct kernel, a lambda value of 0.01, and no additional bias term. To avoid bias, SMLR employs a leave-one-mouse-out at each time point. The algorithm uses all but one of the labeled spectra to create a classification algorithm that is used to classify the left out spectrum. In the next iteration, a different spectrum is left out, creating a new training algorithm that is then used to classify the left out spectra. This process is completed until all of the spectra are classified. A Student's t test was performed to compare individual peaks from d4 to all the other time points. A p-value <0.1 was considered significant.
For the force-displacement testing studies, a Kruskal-Wallis one-way analysis of variance (ANOVA) was performed, followed by Dunn's Method for post hoc analysis and pairwise comparison to control for errors among the same sample group. The KruskalWallis is the nonparametric alternative to ANOVA and has been used in previous tissue structural studies of the rodent cervix. 34 
Tissue Processing and Masson's Trichrome Staining
Cervical tissues were removed and stained to correlate the Raman spectra to important molecular and cellular changes resulting from pregnancy. First, excised cervico-uterine tissue sections were immediately snap-frozen in liquid nitrogen after removal and stored at 280°C for later use. Next, the tissues were embedded in optimal cutting temperature (OCT) embedding medium (Tissue-Tek, Quiagen, Valencia, CA). Embedded tissues were cryosectioned into 12 lm thick slices and thaw-mounted onto poly-L-lysine coated slides. Tissues were then fixed in Bouin's fixative, followed by Masson's trichrome staining per protocol (Sigma-Aldrich, St. Louis, MO). Trichrome staining labels collagen fibrils (blue), nuclei (black), and smooth muscle and cytoplasm (red). Tissue sections were imaged and recorded under 209 magnification.
RESULTS
Cycling Study
The first step of this study was to determine if RS is sensitive to changes in the NG cervix due to hormonal cycling alone. Raman spectra (120 spectra from n = 11 mice) were acquired from the cervix of NG mice at four different cycling time points: proestrus, estrus, metestrus, and diestrus (Fig. 1) . Figure 1 shows some variations among the different time points. The majority of these differences are in the region between 1200 and 1400 cm 21 . This area has been shown in previous work to tentatively correspond to collagen, amide III, and lipid content. 3, 11, 27, 28 Logistic regression (SMLR) was used to determine if any differences existed due to cycling alone. Ninety-two of the 120 spectra or 77% classified correctly, meaning that SMLR was able to correctly classify the spectra as belonging to its corresponding time point within the estrous cycle only 77% of the time (Table 1) .
Pregnancy Study
After characterizing the NG cervix using RS, Raman spectra were acquired from multiple time points during pregnancy (day 1, 4, 12, 15, 18, 19, and PP1, Fig. 2 , 317 spectra from n = 47 mice). For some mice, acquiring spectra before mating or on day 1 (after the presence of the copulatory plug) led to miscarriage (discussed below). Accordingly, measurements were acquired starting on day 4 of the gestational period. Within these spectra, there are many regions that appear different across the entire range of 990-1800 cm 21 . Differences are most visible in the spectra between NG and day 19 mice. Figure 3 shows changes in peak intensity (a-c) and peak width (d) as a function of pregnancy in four important peaks. It has been demonstrated previously that some of these regions correspond to certain biochemical structures, such as proline and tyrosine (Fig. 3a, 1200 (Fig. 3b, 1308 cm 21 ), 11 and the CH 3 CH 2 bending modes found in protein side chains of multiple tissue types (Fig. 3c, 1450 cm  21 ). 11, 27 Figure 3d shows the full width at half max (FWHM, ± S.E.) of the 1650 cm 21 peak, which has tentatively been assigned to amide I, lipids, and collagen. 28 For this region, the FWHM, as opposed to peak intensity, is a more accurate indicator of the organization and polarization of the amide I bonds in the tissue. A Student's t test was performed to determine if there was any statistical significance between measurements from day 4 and the other time points, noted with a star. Performing SMLR on spectra across 6 time points: NG, early (days 1, 4 and 12), day 15, day 18, day 19 and PP1, resulted in a classification accuracy of over 94% (Table 2). Combining the early time points (d1, d4, d12) led to an increase in classification accuracy. Nongravid data was used from the cycling study and day 1 data was used from any mouse that maintained its pregnancy after a day 1 measurement.
Tissue Structural Properties
Force-displacement testing was performed to examine the physical properties of the cervix as it changes during pregnancy. The two plots in Fig. 4 demonstrate how the structural properties of the cervix change over the course of pregnancy and 24 h after delivery. In Fig. 4a , force is plotted as a function of Di to pro are measurements taken between diestrus and proestrus. displacement or cervical diameter, showing how samples react and resist to a specific amount of elongation. For this study, cervical stiffness (g/mm), or the amount of tension (g) divided by displacement (mm) using a moving average function is plotted for samples at each time point (Fig. 4b) , similar to previous studies. 34 This plot corresponds to the slope of the linear portion of the Fig. 4a and the inverse of the compliance of the cervix. Any result with a p-value <0.1 was defined as being statistically significant. Results from day 19 are FIGURE 3. Bar graphs of specific peak intensities from Raman spectra that change over the course of pregnancy. These Raman shift peaks are potentially correlated to fatty acids and lipids (a), protein side chains (b), and amino acids (c). Bar graph of fullwidth at half-max shows the change of the amide I band, which may correspond to collagen (d). Any peak that was significantly different (p-value <0.1) compared to d4 was marked with *. TABLE 2. SMLR output results of pregnancy and postpartum study.
Early data includes days 1, 4, and 12.
statistically significant compared to NG, day 1, day 4 and PP1. Cervical stiffness results from both NG and PP1 mice are also significantly different (p-value <0.1) than days 15, 18 and 19.
Histological Staining
Trichrome staining of samples from multiple time points (NG, d4-19, and PP1) during mouse pregnancy is shown in Fig. 5 . Before, at the start of and after pregnancy, a dense collagen network, stained blue, is the most prominent tissue component (d4, white arrow). Smooth muscle cells, stained red, also appear to form tight bundles within the collagen and along the edges of the uterus and cervix. As pregnancy progresses, the dense collagen network appears to become disorganized, especially on day 19 (d19, black arrow). While the cervix is not completely recovered by PP1, the blue-stained regions in PP1 are thicker compared to d19, signifying a reorganization of collagen within 24 h of delivery.
DISCUSSION
The goal of this research is to demonstrate the feasibility of using RS to detect changes in the cervix during normal pregnancy. Before studying pregnancy, cervical changes associated with estrous cycling of NG mice were studied using RS to create a baseline for comparison. Next, Raman spectra were acquired from the cervix of pregnant mice prior to structural testing and histological staining to study cervical changes during pregnancy using three sets of data. We found that biochemical changes that were observed in the Raman spectra of late-stage pregnancy mice correlate with the compliance of the cervical tissue and the histological results. These results will provide researchers with a better understanding of the biochemical function of the cervix during pregnancy and the mechanisms regulating pregnancy, labor and delivery.
The cycling data was obtained to determine if ovarian steroid hormonal changes during the estrous cycle would have an effect on NG data. Our prior human studies showed that the cervical changes during the menstrual cycle could be identified within Raman spectra, making it necessary to study the hormonal fluctuations of the NG cervix of mice using RS prior to comparison to a gravid cervix. 20, 21 Furthermore, our lab has never used RS on the cervix of mice. If the steroid hormonal effect of the cycling time point had an effect on the spectra, then multiple NG categories would need to be considered when comparing NG spectra to spectra obtained from pregnant mice. However, unlike the human data, which classified with an accuracy of over 98% based only on cycling time point, 20 the mouse cycling data classified with an accuracy of only 77% ( Table 1 ), suggesting that there are fewer distinctions in Raman spectra from the mouse cervix due to cycling time point alone. The difference in classification accuracies between mice and humans may be due to the smaller variations that exist in the shorter 4-day mouse cycle compared to an approximately 28-day human cycle. In the human study, only two phases were considered, the proliferative and secretory phases, as opposed to the four distinct phases studied in the mouse. From these results, it was concluded that a single category combining all the spectra acquired from NG mice could be used in the analysis that followed.
The measurements acquired during pregnancy demonstrate that many changes in the cervix can be observed in the Raman spectra (Fig. 2) . As pregnancy progresses, there is a sharp loss of spectral integrity seen by the lack of distinct peaks and valleys that is most prominent on day 19, resulting from the increasing amount of elastin, collagen reorganization and dilation. Measurements taken on day 19 were (a) showing that the cervix becomes less stiff during pregnancy and quickly regains its strength 24 h after delivery. Day 19 is significantly different than NG, d1 and PP1. NP and PP1 are significantly different than d15, d18 and d19. *p < 0.1; **p < 0.05. acquired 6-12 h prior to delivery and represent the maximum change of the cervix during pregnancy. Taken within 24 h after delivery, the postpartum spectra (PP1) appear similar to spectra acquired from NG mice and mice early in pregnancy.
Changes in the Raman spectra associated with the changes over the course of pregnancy are observed in the four plots in Fig. 3. Figures 3a and 3b show specific peaks decreasing in intensity as a function of gestational age. These peaks may potentially correlate to carbon bonds and lipids, as discussed previously. 11 It follows that as pregnancy continues, a decrease in the concentration of many cervical components occurs. While many of the peak intensities decrease as pregnancy continues, there are some that increase, such as the 1200 cm 21 peak (Fig. 3c) , which has been shown to correlate to proline, tyrosine, and amino acids, which increase in concentration closer to labor and delivery. 3, 28, 31 The FWHM of the 1650 cm 21 amide I peak provides information about the collagen content, organization and polarization (Fig. 3d) . The widening of the band may indicate an increasingly dispersed distribution of peptide carbonyl stretching during the course of pregnancy, signifying a change in the orientation of collagen fibers. 43 Many studies have demonstrated that the total amount of collagen does not necessarily decrease during pregnancy; instead, its reorganization contributes to cervical softening and ripening. 34, 44 A classification accuracy of over 94% was found when SMLR was used to classify the spectra from multiple time points during pregnancy ( Table 2) , showing that the biochemical components changing during pregnancy are substantial, and distinctive differences at specific gestational ages can be utilized to classify the spectra. Spectra acquired from mice on day 15 of their pregnancy had the lowest classification rate (85%). Although Raman measurements for each day were taken at the same time, some mice may have started the cervical softening process before others, FIGURE 5 . Trichrome staining images acquired at 203 from NG, d4, d12, d15, d19 and PP1 cervical tissue samples. Note the densely packed collagen structures (blue) from d4 (white arrow) compared to the disorganized and sparse areas in d19 (black arrow). Samples 24 h after delivery (PP1) more so resemble early time points.
effectively introducing a higher amount of variation in day 15 measurements compared to other time points. 34 Although the goal of this study is not to classify spectra based on gestational age, these results verify that the changes occurring in the Raman spectra during pregnancy can be teased out using SMLR.
The force-displacement testing, performed after Raman data was collected, verified that the cervix is able to withstand a larger displacement (Fig. 4a) while becoming softer (Fig. 4b) throughout pregnancy. The steep slope found in measurements taken at early time points and post-partum (Fig. 4a) indicates an increased resistance to stretch. Many of the changes seen in the Raman data acquired during pregnancy (Figs. 3a, 3b ) correspond with the changes seen with the force-displacement testing (Fig. 4) . The intensities of the two Raman peaks displayed in Figs. 3a, 3b correspond to fatty acids, lipids and protein side chains. These constituents play an important role in maintaining the cervix's rigidity by contributing to the strength of the ECM and reinforcing the tissue's structure. 15, 24, [33] [34] [35] The decrease in their concentration corresponds to an increase in compliance as the cervix prepares for birth. The similarities between important Raman peaks and these tests show that RS is correctly identifying many of the important biochemical components responsible for the changes in the stiffness of the cervix.
After in vivo Raman spectra were acquired, tissues were excised for histology as a reference for comparison to the Raman data. The results of the Masson's trichrome staining (Fig. 5) provide one explanation for the changes observed in the Raman spectra and forcedisplacement results and are similar to previous studies that used histology to understand collagen organization in the cervix during pregnancy. 10, 45, 46 As pregnancy continues, the concentration of collagen appears to remain consistent, while its organization is altered. These results correspond to the loss of spectral integrity in the Raman measurements on days 18 and 19 (Fig. 2) . The FWHM plot of the amide I peak from the Raman spectra (Fig. 3d ) also matches the results from the staining. Although there is no change in the intensity of the 1650 cm 21 peak (corresponding to the total amount of collagen), there are differences due to protein orientation, polarization and solubility. Collagen reorganization and increased solubility are two factors that result in increased compliance of the cervix as it prepares for labor and delivery, 15, 34 an outcome which has been verified in all experiments. The parallels among the Raman measurements, the structural properties, and the histological staining indicate that RS is a quantifiable method for assessing the structural properties and cellular components of the cervix during pregnancy without excising tissue.
There were some drawbacks in this current study design that can be overcome in future studies. First, vaginal cytology was used to quickly determine the cycling point. While the results of the cycling and pregnancy studies suggest that the changes in a NG cervix are less noticeable than the changes resulting from pregnancy, it may be beneficial for future cycling studies to use serum testing to ensure that the correct cycling point is reported. Furthermore, the mouse is not the ideal model for studying estrous cycling since the phases can be shorter or longer than 24 h, as some studies have suggested. 30 Acquiring Raman data from other rodents, such as the guinea pig, may provide more accurate results. 7 Repeated in vivo Raman measurements of the NG cervix sometimes led to pseudopregnancy; such measurements were excluded in further analyses. Also, in the initial experimental design, data were acquired before mating and on the first day of gestation. However, taking Raman measurements at these time points sometimes resulted in the loss of the pregnancy about day 12. It was determined that starting on gestational age day 4 led to full term pregnancies without complications. Future studies may consider decreasing the size of the fiber optic probe to prevent pseudopregnancies and miscarriages.
Throughout pregnancy, the epithelium of the cervix becomes thicker. The probe used to obtain these measurements contains forward-looking optics which takes volumetric measurements approximately 1 mm in depth. For this in vivo study, the placement of the probe onto the mouse cervix is not known, however, each measurement is an average of at least 3 different measurements where the probe was completely removed from the cervix and vaginal canal and then replaced. Few regional variations in the spectra were found in the measurements obtained consecutively from the cervix, suggesting that data can be taken reliably without having to control from site-specificity, matching previous human studies in our lab. 36 Since this method is meant to be performed without surgery or removing tissues, knowing the placement of the probe is not essential in this initial study. Future studies will consider the effect of the thickening of the epithelium and the placement of the probe on the data.
The results from this study demonstrate that RS can be a useful tool to non-invasively and accurately study biochemical changes in the cervix during pregnancy. The impact of these results provides a new avenue for obstetrics research that does not rely on removing tissue and is not focused on one molecule. Instead, RS can be used to identify cervical changes resulting from the interactions of multiple biomolecules, hormonal agents, feedback loops, etc., thereby providing researchers with new ways to understand the progression of pregnancy. The next steps are to use RS to study what occurs during labor and normal human pregnancy. The long-term goal of this research is not only to use RS to understand how pregnancy affects the human cervix, but to develop a method for determining patients at risk for preterm labor and delivery. Preterm birth, defined as labor prior to 37 weeks, is a serious medical complication, affecting over 1 in 8 pregnancies in the US and 75% of infants that have perinatal death are born premature. 5 Even with current advances in health care and research, there are limited diagnostics in place for predicting preterm birth. 5 Developing an effective and non-invasive method that identifies women who are at-risk for preterm birth would have a tremendous impact on the medical community, enabling providers to identify patients at risk for preterm labor, thereby improving the management of these patients.
